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XRF

in Planetary missions

NASA Contact science missions Mars employing XRF

Viking 2 (1975)

Pathfinder (1996) — Sojourner

MER (2003) — Mars Exploration Rover — Spirit and Opportunity rover
MSL (2012) — Mars Science Laboratory — Curiosity rover

Mars 2020 — Planetary Instrument for X-ray Lithochemistry (PIXL)

NASA Contact science missions employing XRF

el

Venera 13/14, VEGA 2 (1983/84) — Venus

PHILAE Lander (2014) — comet 67P/Churyumov-Gerasimenko

VIXL — Venus Instrument for X-ray Llthochemistry Rh X-ray tube — Venus
Moondiver (207?) — The Moon

Jet Propulsion Laboratory .
California Institute of Technology C. M. Heirwegh — 67t Denver X-ray Conference, 2018
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Viking Lander program

* Landers - Viking 1 (Chryse Planetia) and Viking 2 (Utopia Planitia)
« Launched 1975
*  First Mars landers

«  Spectrometer: 5Fe (5.9 keV) and 1%°Cd (22 keV) radioisotopes, proportional counter
* Rock chemistry, atmosphere, signs of life, images

SAMPLE ANALYSIS

A CHAMBER \’
SOURCE
HOLDER AND
RADIATION
SHIELD,
PROPORTIONAL
UNTER
< o SILVER
CALIBRATION
ar? PLAQUE
Cd-109 ™\
SOURCE —f—Alai[¥ # EﬁIIDElL/gION
; g, (TUNGSTEN)
REINFORCED / ZINC
THIN FILM =
WINDOW
L
DUMP VALVE /PIVOT ASSY

Figure: Viking lander model. Source:
https://www.nasa.gov/sites/default/files/images/585497main_PIA09703_full.jpg

Figure: Schematic of Viking lander sample analysis chamber. Source:
https://www.nasa.gov/sites/default/files/images/585497main_PIA09703_full.jpg

Jet Propulsion Laborat .
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Viking 2 Lander - findings

» Spectrometer resolution — 1000 eV @ 5.9 keV FWHM

 Weathered basaltic lava
« High Fe and Al, Si, K, Ca, Ti
* Very high S and CI — ocean
precipitates 10,000 T 7 N B R

]

* Rb, Sr, Y and Zr traces [ T i, ]

. . - Si s d K Ca i e 1

+ Soils same on both sides of I I Eobore: cheodcon aoh | ]

. . . . arfhple: Guse¥-Soil_A015 - Sp: PC 2
planet (wind storm distribution) M e e s o A K s se T v - s ]
+01 4 N B X S — — %06

1000~ \\\ \\\ \\ ’;\\\ \\T\.\\i\\ \/\\ ‘ e B

Deliverable : AN — wes

_— E L RGN RN ]

 First in-depth look at surface g é&\§ : ///: \ RS ]
1 01 Z i 4 A T ,’: | N |
+  Co-validation of later data R | VAT S

-02 IOGE ’\ k Y E E | : : 3

r .‘é 1 { : U T i :

03 : W ' | RN 4

’ 10 1000! - L] | energy (eV) | | | | |

| 1
0 10 20 30 40 50 & 70 80 90 100 110 120 130
CHANNEL NUMBER

Figure: Overlay of Viking measured soil spectrum with example APXS spectrum.
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Mars Pathfinder Mission

« Rover “Sojourner” — launched 1996

« Landing Site: Ares Vallis

« First rover and airbag landing

 APXS - Alpha-proton X-ray Spectrometer
« ~250eV @ 6.4 keV

=

Figure: View of Sojourner rover source:
https://www.nasa.gov/specials/pathfinder20/

Discoveries
» Evidence of lakes and running
Figure: Pathfinder APXS

water — Pebbles .
) mounted on rover. Source: Rieder
 Mars Radius et al. 1997a J. Geophys. Res. E

» Atmospheric data 102 4027-4044.

* Bulk Mars soil composition —
similar to Viking. [S] and [CI]
differ.

OI“ 1"“2'”13”“4””5H”6””7' m8
Energy (keV)

Figure: Pathfinder APXS spectrum of A-15 dark soil at Mermaid Dune site.
Source: Rieder et al. 1997b Science 278 1771-1774.
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Mars Exploration Rover (MER)

Spirit and Opportunity Rovers — launched 2003

Landing Sites: Columbia Memorial Station — Spirit, Meridiani Planum — Opportunity
Opportunity — Active (2004 — present)

Past water activity, rock chemistry, habitable regions

APXS resolution — 160 eV @ 5.9 keV

E cutoff — 16 keV

Figure: View from Cape Tribulation on rim of Endeavour Crater, Jan. 22, 2015. Source: https://www.jpl.nasa.gov/spaceimages/details.php?id=pia19109 Figure: MER rover in high-bay at JPL.
Source:
https://mars.nasa.gov/mer/gallery/spac
ecraft/imagesl/liverover.jpg

Discoveries & Comments

i » Sulfates — hydrated [H20] — Compton-Rayleigh
e CR 7 * Gusev

scatter
+ Br

» Outside rock coatings and cracks —water flow
* Nickel — meteroites
Columbia Hills
* P, S, Cl, Br enrichment — aqueous alteration
Clays, pure silica, carbonates — water exposure.

Counts per channal

Heray energy (keV) “ . ” . .
Figure: MER APXS spectrum of high-sulfate soil. Source: Campbell JL et al. (2008) J. ¢ blueberrles - Contalns hematlte

Geophys. Res. 113 E06S11.
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Mars Science Laboratory (MSL)

Figure: Artistic rendering of rover descent via skycrane. Source:
https://www.nasa.gov/mission_pages/msl/multimedia/gallery/pia14839.html

Findings: Mars could have supported life

Volcanic rocks - weathering
Organic element building blocks
Methane found

Strong further evidence of water
Cold, wet conditions prevailed
Martian dust — high S & CI

Ny 7 2 b :;-
€ , o . ‘V ."‘I- " "‘.‘
.. ‘i\ (74 'gi&‘-‘ #

Curiosity Rover — Launched 2011 — Gale Crater
Mission: Habitability and humans to Mars

*  Organic compounds

« Biosignatures

«  Surface radiation

»  Geological history

Figure: MSL Rover self image taken on Mount Sharp. Source:
https://photojournal.jpl.nasa.gov/catalog/PIA19808.
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Mars Science Laboratory (MSL) - cont’d

« APXS - scientific methods development —

MSL scientists «  APXS properties:
* Relief effects * Resolution (140 — 180 eV)
«  Oversampling - chemical lithology * FullPul X-ray line energy
«  Mineral phase effects (Na, Mg, Al, Si) range — improved C/R ratios

«  X-ray diffraction
 C/R —ratios — “invisible” elements
« Characterizing detector non-linearity —

fits
10° £ T T T T T T T T T T
- < PIXE—- XRF -
C 8 ﬁF - Data
10° £ © Peak model 3
o - c“ T' Scatter o
(=g
=
3 10
) W
|
1 r:n3 g J
2 1
10 o ¥ 7 sources
Figure: MSL APXS spectrum of a Martian soil. Source: Campbell JL et al. (2016) Nucl. Instrum. Figure: schematic of MSL APXS. Source: Campbell JL et al. (2013) Nucl.
Meth. B 383 (2016) 143 — 151. Instrum. Meth. B. 302, 24 — 31..

California Institute of Technology
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Perspectives

APXS method — trustworthy, heritage reliability
 APXS techniques — becoming advanced

« Geology and planetary chemistry — ongoing

« Habitability and biosignatures — more searching to be had
*  Sub-mm scale probing — uncover individual grain chemistry

Jet Propulsion Laborat .
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Mars 2020 Mission Overview

_ o Mars 2020 Rover
Mars 2020 Science Objectives

* Habitability - paSt relevant enVironmentS FINFAX Electronies MEDA;:;::?:;:QT:‘S;:: 2:::2: SuperCam Mast Unit l
+ Biosignatures — preservation potential SHERLOC Electronics N\ g —
» Sample caching — potential future return e S WA ¥ _ 2 MEDA Wind Sensors I8
; : alibration Targe ! g ‘
* Prepare for humans — in situ resources e ~ PIXL Sensor
cannrataii%f;;t 2 — SHERLOC Sensor
‘.‘q_"'%-,-—SHERLOC
A RIMFAX s
. . . Antenna @ o & / i_ il T - L
Mission life: 1.5 Mars years ' TG © e cavratn
(1 005 ea rth dayS) L 7 i = ] PIXL Electronics
& TORG ; Mastcam-Z Digital

Electronics Assembly

Launch: July, 2020 DA IS
Land: February, 2021

Instrument Complement:

. Mastcam-Z and Supercam for panoramic/stereo imaging and chemical analysis (LIBS)
. MEDA for weather

. RIMFAX ground penetrating radar

. MOXIE technology experiment to produce Oxygen from CO,

. SHERLOC and WATSON for UV Raman and high resolution imaging

. PIXL micro-XRF spectrometer and Micro Context Camera (MCC) imager

Jet Propulsion Laborat .
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Intro to PIXL

M ars 2 02 O (Remo?;?/ﬁ::cr::-ﬁnmager)

Mastcam-Z Mastcam-Z

Navcam Navcam

SHERLOC
(WATSON)

PIXL
(Micro-Context Camera)

jcihiazcams Total cameras: 23

Engineering cameras: 9
Science cameras: 7
Entry, descent and landing cameras: 7

Jet Propulsion Laborat .
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Figure (left): PIXL hexapod sensor head
showing struts for (x,y,z) adjustments —
source: L. Wade (JPL)

Active Hexapod System
(6 Active Struts)

Key components:

* Micro-focus XRF
- maps, lines, grids
» Optical fiducial subsystem
(OFS)
- exact (x,y,z) rock position
- image co-registration
- thermal drifting

Parameter Performance
Characteristics

Excitation 28 kV

voltage

Energy 125eV @ 5.9 keV

resolution

Beam diameter  0.12mm @ 8.0 keV
(FWHM)

Field of View 25 x 30 mm

Step size, any 0.06 mm
direction

Table: PIXL operation characteristics — source: L. Wade
(JPL)

Figure (center): PIXL sensor head front face. Two top
cylinders — coarse and fine laser point grids, bottom
center — micro-context camera, side circles — two
Ketek SDDs, middle - x-ray optic.

— source: L. Wade (JPL)

Jet Propulsion Laborat .
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Core Science Team & Locations

Selen Turkay
QuT JPL

STONYBROOK

U TexAs AUSTIN

DTU
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PIXL Spectra

Residuals

BHVO2 spectra — JPL breadboard
prototype

1 2 3 4 5 6 7 8 9

Photon Energy (keV)
1.E+07
Ca Fe
1.E+06
Cu Scatter peaks

. Si
«u 1.E+05 Ni| Zn
S Rh Ka Rh KB
S Al H zr |Compton Compton
‘;1.E+04
= Mg Rh Ka
o
£ 1.E+03 Na l Rh KB

1.E+02

1.E+01 A

0 5 10 15 20 25

Photon Energy (keV)
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Measurement types: Line Scans

Short experiment, minimal positioning Abraded / Natural
demands, quick science survey . .
' Suits: 1 D heterogeneity / fast survey

Z Best achievable on natural surface, 25mm on
abraded/flat

TOD: Day (typical)

Goal: Summed integration time on each component sufficient

to determine the major/minor elements present and their
relative variations.

1 X 24mm line: ~30 mins
3 x.24mm lines: ~1hr

. e

1 Line 3 Line Ops Templates
‘ Zmm  Step size: 0.12 mm (=beam diameter) along lines
ﬂ G) [ O G_b Line length: 24 mm
i ® ? 9 No.oflines: 1-3
£ ° £ ° ° ? OFS Imaging: Intervals <4 mm, as shown, ensuring
3 @ 3| ¢ @ ®  continuous coverage of dense SLI pattern for distance
¢ @ @ © determination and X-ray spot location
: 6 & 6
v o vo o6& o O Full-sized Image © Reduced Image ---- Spectral Line

Jet Propulsion Laborat .
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Measurement Types: Grid

Moderate duratioh,,mini'mal positioning - Abraded / Natural
demands, more detailed science survey . ) :
i 2 Suits: 2D heterogeneity moderately complex texture scale

,, mm-+
< Z: Best achievable on natural surface, 25mm on
e abraded/flat
TOD: Day (typical)
Goal: Summed integration on each component sufficient to

determine major/minor elements and relative variations.
e -tk Quantitative analysis and trace element detection
24x24mm ( acingy ¢.c hr possible on dominant phases

Ops Templates

Step size 1 mm (~10 x beam diameter) along lines
Grid size: 24 x 24 mm
OFS Imaging: Intervals <4 mm, as shown

O Full-sized Image © Reduced Image ---- Spectral Line

Jet P Ision Laborat .
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Measurement Types: Map

Greatest science value, longest duration,
most demanding positioning Abraded
requirements.

Suits: 2D heterogeneity Highly complex, very fine texture,

o Y SHERLOC overlap
' | Z: 25mm
TOD: Overnight
Goal: Summed integration time on each component sufficient

for quantitative analysis and trace element detection.

e
5 x 15mm: ~16 hrs

5x 15 mm 7 x 7 mm 2 X 2 mm Ops Templates:
Step size:
0.12mm (beam
diameter)
Dimensions:

2 X2mm,
5x15mm

7/ X7 mm

(O Full-sizedlmage 0 Reduced Image .... Spectral Line

Jet Propulsion Laborat .
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Spectra are summed, quantified: All spectra (bulk quantification) and selected rock
components. Rock components selected by visible features, or process shown on next slide

1. Summed spectrum plot with peak labels

total counts

Ar Ka Ba Lo

SiKa | ArKp Ba LBl
Mgka | Rhle|  caka Ba LB2
| Ba / Ba Ly2
Al Ka [ 1]/ /
SKa | ||/ y _Fe Ka
¥ v Fe KB
/ p

» / Zn Ka + diffraction peak

Fe Ka + Ka pileup

Sr Kot /Rh Compton shifted Ka

- N Rh Kat
_Rh Compton shifted KB
) Rh KB

10777 T T
0 10 20
keV

2. Table of calculated abundances

Oxide | Wt%- | Wt%- | Wt%-
Comp1 [ Comp2 | Comp3

Na,O 7.11 2.08 1.5

MgO 3.61 0.82 5.65
Al,05 16.09 5.66 5.29
SiO, 50.7 7365 | 30.93
P20Os 0.49 1.25 0.88
SO; 2.48 48 12.18
cl 0.87 0.29 1.66
K0 2.23 0.96 0.09
Ca0 6.07 3.05 25.26
TIO, 0.49 1.57 0.52
MnO 0.14 0.06 0.87
FeO 9.47 5.49 14.61

e

Jet Propulsion Laboratory
California Institute of Technology

C. M. Heirwegh — 67t Denver X-ray Conference, 2018
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PIQUANT processing of PIXL data

A PIQUANT  Version 2.01.126 - a X
: : O Energy Calibration O Plot Spectrum O Calculate Primary Spectrum O Calculate Full Spectrum
I nvestlgatlon tOOI ( P I QUANT) O Compare measured to calculated @ Fit one standard with plot
O calibrate O Quantify Evaluate Map
° F P Configuration file Select
[ C:/PIQUANT_GUI/PIQUANT _V201_Win_Jul2017/PIXL_He_Ketek_Breadboard_Jan2017_Det0_New.msa ‘
. . . Standards input file Select ...
[ ] O ptl C tra n S m I S S I O n [c:/P1QUANT_GUI/PIQUANT _v201_Win_3ui20 17/CalibrationStandards_NIST610. txt |
Calibration file Select ...

« Calculates spectra

C:/PIQUANT_GUI/PIQUANT_V201_Win_Jul2017/NIST610_100uA_28kV_Det0_sum.mca

« g
o Q u a n t I fl e S ( 2 ) Element fit controls Fe_[KLMN][IFX]: |_MX Sm_MX Eu_MX Gd_MX Tb_MX Dy_MX Ho_MX Er_MX Tm_MX Yb_MX Lu_MX HF_MX Ta_MX W_MX Re_MX Au_MX TI_MX Pb_MX Bi_MX U_MX 5 1 |

Plot file (optional) Select ...

- Work in progress -

Log file (optional, always appends) (@) Existing O New Select ...
Command line options: [0,80,14,60 ]
Fitted elements ~
Na 10.1447% Na K int 3610.6 coeff 0.5662 re_c 2.8%
Mg 0.0465% MgK int 137.2 coeff 1.1901 rec 32.1%
PIQUANT Plot PIQUANT X-ray S Al 1.0339% ALK int 10100.0 coeff 1.2474 rec 1.1%
Si 32.8733% Si_K int629276.1 coeff 0.9139 rec 0.1%
14003 P 0.0343% P_K int -2130.2 coeff -2.6921 notincuded
Cl 0.0470% ClK int 1924.6 coeff 0.4644 rec 5.0%
K 0.0461% KK int 8732.4 coeff 0.6610 re c 4.4%
Ca 8.3770% Ca K int3894494.2 coeff 0.9855 re_c 0.1%
- Sc 0.0441% ScK int 7193.8 coeff 0.2833 rec 6.6%
2000 Ti 0.0437% TiK int 42469.2 coeff 1.2476 re_c 1.2%
V 0.0442%  V_K int 44200.3 coeff 1.0171 re_c 1.0%
Cr 0.0415% Cr K int 53023.4 coeff 1.0002 rec 0.8%
v

fl Mn_0.0457% Mn_K int 57314.2 coeff 0.9047 re c 1.3%

Figure: PIQUANT fitted
spectrum of NIST 610
with 60+ trace elements.

3000 -

Crunts

6100

40ra -

+ Elam, WT et al. (2002) Rad. Phys. Chem.
MY — 63, 121-128.
T « Ebel, H. (1999) X-ray Spectrom. 28, 255-

on, /\‘. l| 0 F!L,\, Nt 'w'ﬂ"‘.‘\,ﬁ-‘\,n,m;,\mw\.-"\mx\,»,*.m.,nVHWMMMWM_—_—W
I 266.

2000

2 € ] 1z 18 18

0
Enerty (2]
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PIXL optic — Transmission profile derivation

Optic efficiency profile:

6

O]

ES

N

Relative efficiency
w

i

0
0 5 10 15 20 25 30
Photon Energy

« Accuracy = FP approach

 Derive
- XRF on H20

- PIQUANT calculated (no
tube)

Jet Propulsion Laboratory
California Institute of Technology

12
y (| . S T T R —
0.8 . e .
O 0.6 ..
04 | .
0.2 |+

0

10 20 30 40
Atomic number (Z)

Figure (top): PIQUANT ECF’s from fitted spectrum of NIST
610 with 60+ trace elements. Note divergence from unity (1).

1E+04

BE+03 — measured

calculated

BE+D3

Counts

AE403

2E+03

OE+00 ™

1] 5 10 15 20 25 a0
Photon Energy (keV)

Figure (bottom): Measured and
PIQUANT-calculated water spectra.
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Optic profile results

* New vs former profile
differences

« Mostly corrected ECF
trend

— High Z ECF divergence
cause due to fitting issue

2.5

1.5 . ¢

ECF
]
L]

L]
-I

0.5

10 20 30 40
Atomic number (2)

Modified
—Neow Profile - smoothed
- Former profile

i
<
=
S 3
E
S 2
£ 1
[~
m
=

0

0 5 10 15 20 25 30
Photon Energy (keV)

Figure (right): New (smoothed) optic efficiency profile
compared against former.

Source: Heirwegh et al. (2018) Powder Diffraction
Journal, 33, 162-165.

Figure (left): Improved NIST 610 PIQUANt ECF
agreement with unity. High Z divergence due to issues
with background fit to spectrum.
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PIXL Quantification Capabilities

Quantification results:
* Informed PIQUANT tasks

» 8 powder standards: QLO1, JSM2,
AN-G, SARM5, SARM6, BX-N, SY-4,
GYP-B

« Avg error ~10% or better

* Next round — 16 powders

Element Na Mg Al Si S K Ca Ti Mn Fe

weighted

error (%) 9 2 4 2 9 17 4 10 16 7

Table: conc. Weighted error of eight powder certificate values vs
PIQUANT concentration estimates.

40%

30%
20%
10%

0% =

QLo1

W Error%

30%
20%
10%

0% =m I
QLo1

M Error%

30%
20%
10%

0% -
QLo1

M Error%

Si
_I II I-I |l II [

JSM2 AN-G SARMS SARM6 BX-N  SY-4 GYP-B
weight% in standard B Quantification Estimate%

Ca

JSM2  AN-G SARM5 SARM6 SY-4  GYP-B

weight% in standard ® Quantification Estimate%

Fe

JSM2 ~ AN-G SARMS5 SARM6 BX-N SY-4

weight% in standard M Quantification Estimate%
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Selecting Rock sub-components

s Ml Dresser Formation, Western Australia ~3.5 Ga Microbialites,
MgKa | Rhia | caka/ Ba LB2 ] ) )

|10/ cross cutting hydrothermal veins, exhalative hydrothermal

Il g deposits and multiple modes of alteration

r y B
¥
N Zn Ka + diffraction peak
e /
¥ / Fe Ka + Ka pileup ulk Su ed Spectru
¥ y .
,// _SrKa /Rh Compton shifted Ka I ; I " 'n
&« I I l

Ve _RhKa

_Rh Compton shifted KB

o _Rh KB
-

Element Maps (net intensity) for
Fe, Si, S, Ba, Ca peaks

total counts

T
0 10 20 30
keV

The element maps reveal
variations in composition among
rock subcomponents. To constrain
the elemental composition,
lithology and mineralogy of the
subcomponents, we must group
and analyze spectra from that
subcomponent.
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Selecting Rock sub-components

T-SNE (t-distributed stochastic neighbor ... and sums of the manually selected spectral populations
embedding) scatterplot populations...

Ve S e Be Fe T-SNE Population #1
. w ‘ o (dark blue, 167
J L] L~ points)
A A AY e Carbonate influence:
E i VAVAI il ” more Ca
T-SNE Population #2
(red, 6237 points)
. i "1 A [\ s lron oxide/silica
,, 1 [\ ) influence: more Fe
> s"z ~J /\.,/w \‘\/ \/N/J
...back-projected on a contextimage 2 A T-SNE Population #3
F4 e — ] PO W A \ (light blue, 5672
' i L oS pinte)—
o (PN A Barite influence:
e - ' more Ba, S
] T-SNE Population #4
. (yellow, 6000 points)
1 Silica/iron oxide
E influence: more Si

keV
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PIXL: texture-specific chemistry

accurate correlation of chemistry with
visible textures

Uses a focused X-ray beam to measure
the chemistry of rocks, soils

Spatial resolution (beam &) at focus =
0.12mm

X-Y scanning
Z motion to maintain focus

optical fiducial system (OFS) for context
imaging and determining X-ray beam
position on target

=55
== 2min
= 10min
= 60min

Sr
4 Zr Rh Compton
‘ | Rh Rayleigh

Counts

2 4 6 8 10 12 14 16 18 20
Energy (keV)
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Potential biosignature and context analysis

-Ca,Mn carbonate
. alteration rim
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Greenland elemental maps
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Concluding remarks

 PIXL and Mars 2020 — continued discovery of Mars
»  Geological chemistry
 Provenance — early development
« Habitability
« Biosignatures
«  Sample caching
*  Preparation for humans

*  PIXL team efforts:
« Ready flight instrument
«  Scientific preparedness
PIQUANT software
« Elemental quantification calibration — FP approach
«  Map data visualization (eg. t-SNE)
«  Bulk quantification challenges (heterogeneities, rough surface, round edges)
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Tactical Data Products — Position vs. intensity plots

/1.

* Mosaic and register MCC images with
WATSON image

* Plot PIXL scan line(s) on WATSON
image

* Process spectra

» Create position versus intensity plots
(correlated to Watson image) for
elements with adequate SNR

Fe C(Ca V

| (cps)

X-distance (mm)
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Tactical Data Products — Element Intensity Maps

Mosaic and register MCC images with WATSON image - plot PIXL scan lines on
WATSON image - Process spectra - create net intensity plots

Net Intensity Plot (correlated to WATSON image) for elements with adequate SNR
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